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Edited by David LambethAbstract Mitochondria of amoeba Acanthamoeba castellanii
were used to determine the role of two energy-dissipating sys-
tems, i.e., a free fatty acid (FFA)-activated, purine nucleotide-
inhibited uncoupling protein (AcUCP) and a FFA-insensitive,
purine nucleotide-activated ubiquinol alternative oxidase
(AcAOX), in decreasing reactive oxygen species production in
unicellular organisms. It is shown that the activation of AcUCP
by externally added FFA resulted in a strong decrease in H2O2
production, whilst the inhibition of the FFA acid-induced
AcUCP activity by GDP or addition of bovine serum albumin
(BSA) enhanced production of H2O2. Similarly, the activation
of antimycin-resistant AcAOX-mediated respiration by GMP
signiﬁcantly lowered H2O2 production, while inhibition of the
oxidase by benzohydroxamate cancelled the GMP-induced eﬀect
on H2O2 production. When active together, both energy-dissi-
pating systems revealed a cumulative eﬀect on decreasing
H2O2 formation. The results suggest that protection against
mitochondrial oxidative stress may be a physiological role of
AOX and UCP in unicellulars, such as A. castellanii.
 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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Acanthamoeba castellanii1. Introduction
Most mitochondria possess free energy-dissipating systems
that decrease the yield of oxidative phosphorylation. Ubiqui-
nol alternative oxidase (AOX) dissipates redox energy in mito-
chondria of plants and some unicellulars [1,2]. Uncoupling
protein (UCP) dissipates proton electrochemical gradient en-
ergy (DlH+) in animal, plant and some fungal and protist
mitochondria [3,4].Abbreviations: AA, antimycin A; AcAOX, alternative oxidase of
Acanthamoeba castellanii; AcUCP, uncoupling protein of Acantha-
moeba castellanii; AOX, alternative oxidase; BHAM, benzohydroxa-
mate; BSA, bovine serum albumin; CAT, carboxyatractyloside; FFA,
free fatty acids; H2O2, hydrogen peroxide; LA, linoleic acid; ROS,
reactive oxygen species; UCP, uncoupling protein; DlH+, proton
electrochemical gradient
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doi:10.1016/j.febslet.2005.04.081Uncoupling proteins, as members of the mitochondrial
anion carrier protein family, dissipate DlH+ built up by a
mitochondrial respiratory chain through a free fatty acid
(FFA)-activated, purine nucleotide-inhibited proton cycling
process driven by membrane potential and DpH. Indications
that UCP is present in unicellulars are mainly based on func-
tional studies and the cross-reactivity of an approximately
32 kDa mitochondrial protein with antibodies developed
against plant and animal UCP [3,4]. In mitochondria of the
non-photosynthesizing amoeboid protozoan Acanthamoeba
castellanii, the action of UCP (AcUCP) has been shown
to mediate FFA-activated, purine nucleotide-inhibited H+
re-uptake driven by DlH+ that in state 3 respiration can divert
energy from oxidative phosphorylation [5,6].
Mitochondria of amoeba A. castellanii possess a cyanide-
and antimycin-resistant alternative oxidase (AcAOX) that
branches from the main respiratory chain at the level of ubi-
quinone and consumes mitochondrial reducing power without
energy conservation into DlH+. While in plant mitochondria
the activity of AOX is stimulated by a-keto acids and regulated
by the redox state of the intermolecular disulﬁde bond (the re-
duced state is more active) [1,2], these regulations do not apply
to AOX in amoeba mitochondria [7]. Like oxidases in other
protists and some primitive fungi, AcAOX is strongly stimu-
lated by purine nucleoside 5 0-monophosphates (GMP, AMP
and IMP) [8]. Despite important diﬀerences between plant
and amoeba AOXs at the level of regulation, monoclonal anti-
bodies developed against Sauromatum guttatum cross-react
with the oxidase protein of A. castellanii mitochondria [7].
The only obvious physiological function of UCP and AOX
can be recognized in specialized plant and animal thermogenic
tissues as heat generation related to increase in temperature as
in spadices of Araceae during reproductive processes (AOX
activity) [9] and in mammalian brown adipose tissue (UCP
activity) [10]. In unicellulars and in non-thermogenic plant tis-
sues, the role of UCP and AOX is not fully understood, espe-
cially considering the coexistence of the two energy-dissipating
systems. In unicellular eukaryotes, because of their small size,
which prevents any thermal gradient with their surroundings,
thermogenesis has no place. Thus, the increase in activity
and expression of AcAOX [11] and AcUCP [12] observed in
A. castellanii mitochondria after the growth of amoeba cells
at low temperature cannot be related to thermogenesis. More-
over, contrary to plant mitochondria [13], in mitochondria of
A. castellanii, UCP and AOX can work together at their max-
imal capacities indicating a cumulative eﬀect on oxidativeation of European Biochemical Societies.
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level of mitochondrial electron carriers can lead to a decrease
in damaging reactive oxygen species (ROS) production, en-
ergy-dissipating systems like AOX, which oxidizes ubiquinol,
and like UCP, which allows an increase in the electron ﬂux
at the expense of ubiquinol, could play such a role in prevent-
ing damage of the cell at the level of energy production but at
the expense of ATP synthesis [4,14–16]. Limitation of ROS
production by UCP and AOX has been shown in some plant
mitochondria [15,17–20]. So far, to our knowledge there is
no data showing both energy-dissipating systems working as
antioxidant defense systems in mitochondria of unicellular
eukaryotes.
The aim of this study was to determine the role of AOX
and UCP in decreasing ROS production in unicellular organ-
isms, such as amoeba A. castellanii. The level of hydrogen
peroxide (H2O2) production (H2O2) was measured in isolated
mitochondria, in various conditions of AcAOX and/or
AcUCP engagement.2. Materials and methods
2.1. Cell culture and mitochondrial isolation
The soil amoeba A. castellanii, strain Neﬀ, was cultured as described
by Jarmuszkiewicz et al. [7]. Trophozoites of the amoeba were col-
lected between 44 and 48 h following inoculation at the middle expo-
nential phase (at density about 5–6 · 106 cells/ml). Mitochondria
were isolated and puriﬁed on a self-generating Percoll gradient (30%)
as described earlier [7]. The presence of 0.2% bovine serum albumin
(BSA) in isolation media allowed FFA to be chelated from the mito-
chondrial suspension and mitochondria fully depleted of FFA to be
obtained. Mitochondrial protein concentration was determined by
the biuret method using BSA as a standard.
2.2. Oxygen uptake
Mitochondrial oxygen consumption was measured polarographi-
cally using a Hansatech oxygen electrode in 2 ml of a standard incuba-
tion medium (25 C) containing: 120 mM KCl, 10 mM Tris–Cl, pH
7.4, 3 mM KH2PO4, 0.8 mM MgCl2, with 1 mg of mitochondrial pro-
tein. Isolated mitochondria revealed respiratory control ratio form 2.6
to 3.4 and state 4 membrane potential approximately 180–190 mV.
2.3. H2O2 production
Mitochondrial H2O2 production was assessed by the oxidation of
scopoletin by H2O2 in the presence of horseradish peroxidase [21].
Scopoletin ﬂuorescence was monitored at excitation and emission
wavelengths of 350 and 460 nm, respectively, in the presence of
0.2 lM scopoletin and 1 lg/ml horseradish peroxidase, in 2 ml of stan-
dard incubation medium (see above) with a constant, strong agitation
(25 C), with 5 mg of mitochondrial protein. Additional compounds
added to the medium are indicated in the legends of the ﬁgures. The
reaction was started by the addition of 10 mM succinate, a respiratory
substrate. The total ﬂuorescence change after 8 min was taken for cal-
culations. The ﬂuorescence signal was detected by an Aminco Bow-
man-2 ﬂuorescence spectrometer.Fig. 1. (A) The eﬀect of activator (LA) and inhibitor (GDP) of
AcUCP on H2O2 generation (gray columns) and oxygen uptake (white
columns) in A. castellanii mitochondria. Additions (were indicated):
9 lM (respiration measurements) or 40 lM (H2O2 measurements) LA,
2 mM GDP, 0.2% BSA. Percentage of maximal H2O2 production and
maximal oxygen uptake observed in the control conditions (no BSA,
GDP, LA) or in the presence of LA only (respectively) are shown.
Mean values (±S.E.) from six separate experiments are shown. (B)
FFA concentration-dependent inhibition of H2O2 production with
LA, palmitic acid and myristic acid. Percentage of inhibition of H2O2
production refers to control conditions (no FFA). (A, B) Mitochon-
dria were incubated in the presence of 10 mM succinate, 3 mM
glutamate, 1.5 lM CAT, 0.5 lg/ml oligomycin, and 2 mM BHAM.3. Results and discussion
3.1. Eﬀect of activation and inhibition of AcUCP on
mitochondrial H2O2 production
To study the eﬀect of AcUCP activation and inhibition in
resting (state 4) respiration on mitochondrial H2O2 formation,
all measurements were made in the presence of succinate and
glutamate in order to exclude the potential dicarboxylate and
glutamate/aspartate carrier-mediated FFA-linked uncoupling,and in the presence of carboxyatractyloside (CAT), an inhibi-
tor of ATP/ADP antiporter. These conditions secure the study
of FFA-induced mitochondrial uncoupling mostly due to the
operation of AcUCP. With succinate plus glutamate, A. castel-
lanii mitochondria oxidized mainly succinate, as addition of
glutamate did not change the respiratory rate sustained by suc-
cinate oxidation (not shown). To inhibit the AOX, the
measurements were carried out in the presence of benzohydr-
oxamate (BHAM).
As shown in Fig. 1A, in the absence of linoleic acid (LA), the
addition of BSA (that binds FFA) and/or GDP (that inhibits
FFA-induced UCP-mediated uncoupling) did not change the
respiratory rate and H2O2 production indicating that mito-
chondria of A. castellanii were fully depleted of FFA allowing
a study to be made on the eﬀect of exogenous FFA in isolated
respiring mitochondria. Fig. 1A shows that generation of
H2O2 by amoeba mitochondria was strongly reduced after
addition of LA, an activator of AcUCP [5,6]. The decrease
Fig. 2. (A) The eﬀect of activator (GMP) and inhibitor (BHAM) of
AcAOX on H2O2 generation (gray columns) and oxygen uptake (white
columns) in A. castellanii mitochondria. Additions (were indicated):
2 mM BHAM, 1 mM GMP, 1 lg/ml antimycin A (AA). Percentage of
maximal H2O2 production and maximal oxygen uptake observed in the
control conditions (no BHAM, GMP) or in the presence of GMP only
(respectively) are shown. Mean values (±S.E.) from ﬁve separate
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mitochondrial uncoupling, which was revealed by a consider-
able increase in state 4 respiration (Fig. 1A) and a decrease
in membrane potential (not shown). Fig. 1B presents the
FFA concentration-dependent inhibition of H2O2 production
observed with LA, palmitic acid or myristic acid. Saturated
FFA (palmitic acid and myristic acid) were less eﬀective in
decreasing H2O2 formation than unsaturated LA. This con-
ﬁrms our previous observations that LA is the most eﬀective
FFA inducing AcUCP activity in A. castellanii mitochondria
[5]. The addition of GDP, which inhibits the LA-induced
AcUCP-mediated uncoupling (ca. 10% inhibition of the LA-
stimulated respiration), and BSA, which removes FFA from
the mitochondrial suspension (100% inhibition), increased
mitochondrial H2O2 formation, conﬁrming that AcUCP activ-
ity lowers mitochondrial ROS generation (Fig. 1A). BSA com-
pletely restored the H2O2 formation in LA-uncoupled
mitochondria, while GDP caused only 30% of restoration.
The other guanosine nucleotides (GMP and GTP) were less
eﬀective than GDP in the inhibition of the FFA-induced
AcUCP-mediated mitochondrial uncoupling and in decreasing
mitochondrial H2O2 formation (not shown).
Limitation of ROS production by UCPs has been previously
observed for plant and mammalian mitochondria
[17,18,22,23]. Thus, our results suggest that also in unicellulars,
activation of UCP-mediated uncoupling may prevent oxidative
mitochondrial damage.
A weak inhibitory eﬀect of purine nucleotides on UCP activ-
ity was also observed in isolated mitochondria of slime mold
Dictyostelium discoideum [24], indicating the speciﬁc regulatory
property of the protein in the eukaryotic unicellulars. The
weak sensitivity of A. castellanii and D. discoideum UCPs to
purine nucleotides (at least in state 4 respiration) could be re-
lated to a simultaneous functioning of the cyanide-resistant
purine nucleotide-stimulated AOX in the mitochondria of
these organisms.
experiments are shown. (B) GMP concentration (0.03–1 mM)-depen-
dent inhibition of H2O2 production in the absence or presence of AA.
Percentage of inhibition of H2O2 production refers to control
conditions (no GMP), respectively in the absence or presence of
1 lg/ml AA. (A, B) Mitochondria were incubated in the presence of
10 mM succinate, 1.5 lM CAT, 0.5 lg/ml oligomycin, and 0.2% BSA.3.2. Eﬀect of activation and inhibition of AcAOX on
mitochondrial H2O2 production
To study the eﬀect of AcAOX activation and inhibition on
H2O2 formation in isolated A. castellanii mitochondria, all
measurements (Fig. 2) were made in the presence of 0.2%
BSA in order to exclude AcUCP activity and with succinate
as a respiratory substrate. As shown in Fig. 2A, when AcAOX
was not stimulated by GMP, the presence of AOX inhibitor
(BHAM) in incubation medium slightly enhanced H2O2 gener-
ation when compared with control mitochondria (no inhibi-
tor). This conﬁrms oxygen consumption measurements
indicating that in the absence of AcAOX activator, the oxidase
activity is quite low, as indicated by about a 12% inhibitory ef-
fect of 2 mM BHAM on the respiratory rate. When in A. cas-
tellanii mitochondria the cytochrome pathway was inhibited
(by about 70%) by antimycin A (AA, an inhibitor of bc1 com-
plex), the unstimulated (no GMP), AA-resistant respiration
led to a higher (ca. 30%) H2O2 formation when compared to
control conditions (no AA) (Fig. 2A). A similar eﬀect of AA
on ROS production was also observed in plant mitochondria
[15,19,20]. In amoeba mitochondria, the range of complex
III inhibition by AA between 60% and 75% gave the same
maximal eﬀect on increase in H2O2 formation (around 30%)
and almost the same ubiquinone redox state (60–65%) (notshown). On the other hand, the addition of 1 mM GMP
strongly stimulated AcAOX activity (AcAOX-mediated respi-
ration), both in the absence or presence of AA (around 3.8 and
5.4 times, respectively) that was accompanied by a limitation
of H2O2 production (ca. 20% and 30%, respectively, minus
or plus AA) (Fig. 2A). As the AcAOX activity depends on
the ubiquinone redox state [25], a higher eﬀect of the activator
in the presence of AA can be accounted for by a more reduced
ubiquinone in these conditions. The addition of BHAM abol-
ished the eﬀect of GMP both on mitochondrial oxygen uptake
and H2O2 formation. Thus, activation of AOX by GMP eﬀec-
tively decreases ROS production in A. castellanii mitochon-
dria. A similar eﬀect was previously detected for activation
of plant AOX by pyruvate [15,18].
Fig. 2B shows GMP concentration-dependent inhibition of
H2O2 production observed in the absence or presence of
AA. At all concentrations, GMP more eﬀectively decreased
H2O2 formation when the cytochrome pathway was signiﬁ-
cantly inhibited by AA, indicating a higher contribution of
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4 respiration in these conditions. Among the other guano-
sine nucleotides (GDP, GTP), GMP was the most eﬃcient
in decreasing mitochondrial H2O2 formation which conﬁrms
the AcAOX activation measurements (not shown).
Thus, in A. castellanii mitochondria, activation of AcAOX
by purine nucleotides reduced H2O2 generation, while the inhi-
bition of oxidase activity signiﬁcantly increased mitochondrial
H2O2 generation. The results suggest that protection against
mitochondrial oxidative stress may be a physiological role of
AOX in unicellulars. Our results are consistent with data
showing limitation of ROS production by the AOX-mediated
respiration in plant mitochondria [15,18–20] and in Trypano-
soma brucei mitochondria [26].
3.3. Cumulative eﬀect of AcUCP and AcAOX activation on
H2O2 production
As there is no data showing both energy-dissipating systems
working simultaneously as antioxidant defense systems in
mitochonria of unicellular eukaryotes, we wanted to check if
in A. castellanii mitochondria, AcUCP and AcAOX acting to-
gether could have a cumulative eﬀect on H2O2 formation, as
they have on decreasing oxidative phosphorylation yield [5].
Indeed, in mitochondria of amoeboid eukaryotes, A. castellanii
and D. discoideum, the two energy-dissipating systems, UCP
and AOX, may work together at their maximal capacities as,
unlike in plant and fungal mitochondria, AOX is not inhibited
by FFA (thereby UCP activators) and UCP is weakly inhibited
by purine nucleotides (thereby AOX activators) [5,13,24].
Thus, H2O2 formation was measured under four conditions
(Fig. 3): (1) when AcAOX and AcUCP were not activated (in
the absence of GMP and LA, or in the presence of BHAM and
BSA, control conditions); (2) when only AcAOX was activated
(in the presence of GMP and, in the absence or presence of LA
plus BSA); (3) when only AcUCP was activated (in the pres-
ence of LA and in the absence or presence GMP plus BHAM);
(4) when both AcAOX and AcUCP were active (in the pres-
ence of GMP and LA and in the absence of BHAM andFig. 3. Cumulative eﬀect of AcUCP and AcAOX activation on H2O2
generation. Mitochondria were incubated in the presence of 10 mM
succinate, 3 mM glutamate, 1.5 lM CAT, and 0.5 lg/ml oligomycin.
Additions (were indicated): 20 lM LA, 1 mM GMP, 0.2% BSA, 2 mM
BHAM. H2O2 production is expressed as percentage of ﬂuorescence
change observed in control conditions (AcUCP and AcAOX not
activated). Mean values (±S.E.) from three separate experiments are
shown.BSA). The highest H2O2 formation was observed under
control conditions when the two energy-dissipating systems
were not activated. On the other hand, activation of one sys-
tem led to a decrease in H2O2 formation as already described
(Figs. 1 and 2). However, the lowest level of H2O2 formation
was obtained after simultaneous activation of AcAOX and
AcUCP by GMP and LA (respectively), indicating their cumu-
lative eﬀect (Fig. 3). Thus, the two energy-dissipating systems
can accomplish their protective eﬀects in decreasing mitochon-
drial ROS production in unicellulars, such as amoeba A. cas-
tellanii. However, it seems that this cooperation between
AOX and UCP could not be possible in plant and fungal mito-
chondria, where activation of UCP by FFA accompanies inhi-
bition of AOX [13].
3.4. Physiological role of AcUCP and AcAOX as antioxidant
defense systems
Our results indicate that mitochondria of unicellular organ-
isms, such as of amoeba A. castellanii, can prevent ROS
formation by both non-coupled respiration (AOX) and FFA-
uncoupled (UCP-mediated) respiration. Therefore, taking into
account the position of A. castellanii in the molecular phyloge-
netic tree, i.e., on a branch basal to the divergence points of
animals, plants, and fungi [27], it seems that protection against
mitochondrial oxidative stress may be a physiological role of
AOX and UCP in all eukaryotes possessing these proteins.
This role could become especially important when the ROS le-
vel increases [14–16]. Therefore, the data presented in this
work are consistent with our previous results showing that
the activity and protein level of both, AcAOX and AcUCP,
is enhanced by growth of amoeba cells in low temperature that
is likely to be accompanied by a higher cellular ROS genera-
tion [11,12].
Since in A. castellanii mitochondria, the two energy-dissipat-
ing systems lead to the same ﬁnal energetic eﬀect (i.e., a de-
crease in ATP synthesis) [7] as well as lower ROS production
(Figs. 1 and 2), moreover, they can cumulate both eﬀects
(Fig. 3), it seems that their metabolic usefulness might lie in
completing these functions. It is likely that, depending on the
expression level of the AcAOX and AcUCP proteins in a given
phase of the amoeba cell life, they may be to a diﬀerent extent
engaged in the maintenance of cell energy metabolism balance
related to the regulation of ATP production and limitation of
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